Please cite this article in press as: M.J. Fardusi, et al., Intra-specific association between carbon isotope composition and productivity in woody plants: A meta-analysis, Plant Sci. (2016) The study of intra-specific variations in growth and plant physiological response to drought is crucial to understand the potential for plant adaptation to global change. Carbon isotope composition (␦ 13 C) in plant tissues offers an integrated measure of intrinsic water-use efficiency (WUE i ). The intra-specific association between ␦ 13 C and productivity has been extensively studied in herbaceous crops, but speciesspecific information on woody plants is still limited and has so far provided contradictory results. In this work we explored the general patterns of the relationship between ␦ 13 C and growth traits (height, diameter and biomass) using a meta-analysis. We compiled information from 49 articles, including 176 studies performed on 34 species from 16 genera. We found a positive global intra-specific correlation between ␦ 13 C and growth (Gr = 0.28, P < 0.0001), stronger for biomass than for height, and non-significant for diameter. The extent of this intra-specific association increased from Mediterranean to subtropical, temperate and boreal biomes, i.e. from water-limited to energy-limited environments. Conifers and shrubs, but not broadleaves, showed consistent positive intra-specific correlations. The meta-analysis also revealed that the relationship between ␦ 13 C and growth is better characterized at juvenile stages, under near-optimal and controlled conditions, and by analyzing ␦ 13 C in leaves rather than in wood.
Introduction
Productivity in over 40% of the vegetated land area is limited by water availability, while another 33% experiences water limitations due to constraints associated with cold temperatures or inaccessibility of frozen water [1] . Hence, there is a clear dependence of plant productivity on water use (i.e. amount of water evapotranspired) around the globe [2] . Foresters are especially interested in wood production, an outcome of secondary growth from vascular cambium leading to the radial growth of tree stems, branches Table 1 Summary of results from the mixed-effect models used to test the influence of potential moderator variables on the relationship between ␦ 13 C and growth. n: number of studies. QM, test statistic for the Wald-type test of model coefficients (moderators), p, significance of the QM statistic; R 2 , amount of heterogeneity accounted for by the moderators included in the model. Ht, Dm, Bm, TDM and Vol, total height, diameter, stem biomass, total dry mass and stem volume, respectively; HI, DI and BAI, annual increment in height, diameter and basal area, respectively. with growth are expected; 2) conversely, if higher WUE i implies a tighter stomatal control, it tends to be inversely correlated with growth [10] . The first case is exemplified by genotypes with higher photosynthetic potential, showing a higher WUE i than low photosynthesis, less productive ones [11, 12] . In the second case, high WUE i results from low water use and consequently, is linked to lower productivity [13, 14] .
The use of carbon stable isotopes to characterize plant genetic variability in WUE i is generally preferred over conventional gas exchange methods (i.e. infra-red gas analysers) because it provides a less disturbing, more integrated record of the ratio A/g s over the period in which the plant tissue was formed [10, 15] . Nonetheless, there are several aspects that introduce uncertainty when analysing the relationship between WUE i and growth other than the variability in A/g s . For instance, A determines carbon inputs, but growth is only one of the many possible fates of assimilates [16] . Indeed, increasing A does not always lead to a concomitant increase in growth [17, 18] . Broadly speaking, fixed carbon can be allocated to either above-or below-ground organs, and the proportional allocation to roots relative to that in shoots depends upon the degree of limitation experienced by aboveground resources (e.g. low light intensity produces etiolation) relative to the limitation from soil resources (e.g. water or nutrient scarcity enhances root growth [19, 20] ). Emission of volatile organic compounds or the non-linear increase of respiration rates with tree size [21, 22] further complicates the theoretical relationship between WUEi and aboveground growth. Therefore, although this work focusses on the association between WUEi and aboveground growth (a feature of interest for foresters and, hence, a prevalent topic in the literature), a different picture could potentially emerge if whole plant growth had been considered instead.
The intra-specific association between WUE i and productivity has been extensively studied in herbaceous crops. In general, the most productive genotypes are water spenders and, thus, show lower WUE i , although this relationship can be inverted, particularly under drought-stress conditions. Contrasting to crops, information on woody species is still limited and has provided opposing results so far [14, [23] [24] [25] [26] [27] [28] . In this regard, the general patterns of the intraspecific relationship between WUE i and tree growth have not yet been described. In the present work, we have carried out a metaanalysis on the association between ␦ 13 C and growth traits (height, radial growth and biomass) in woody species, with a focus on forest trees. To this end, potential differences in this association among functional groups, terrestrial biomes or environmental conditions for growth have been assessed. We hypothesize that ␦ 13 C-derived WUE i and growth would show positive intra-specific associations under non-limiting water conditions and for fast-growing, highly productive species, when changes in A would play a major role controlling WUE i . Conversely, the opposite situation would prevail under drought stress and for less productive species, since growth potential may trade-off with drought resistance and, therefore, g s is expected to control WUE i .
Materials and methods

Data collection
We searched published articles from the databases "Web of Science", "Scopus", "Science Direct" and "Google Scholar" using the terms: ("genotypic variation" OR "genetic variation" OR "genetic differentiation" OR "genetics" OR "intraspecific variability" OR "population differences" OR "genotype" OR "water use efficiency" OR "carbon isotopic discrimination" OR "carbon isotope composition" OR "genetics of water-use efficiency" OR "genetic variation in water-use efficiency" OR "water deficit condition") AND ("relation to tree growth" OR "growth" OR "biomass production" OR "productivity" OR "height" OR "diameter" OR "volume") AND ("tree" OR "seedling" OR "forest"). References from each article were also systematically examined for suitable papers (backward search), which were then incorporated into the bibliographic database. We selected those papers reporting intra-specific associations (Pearson correlation coefficients or genetic correlations) between carbon isotopes and growth traits based on common-garden experiments (either in the field or in pots). We also included those studies in which the correlation coefficients between ␦ 13 C and growth were not explicitly provided but, instead, useful data (genotype means) for ␦ 13 C and growth could be retrieved from tables or graphs. In all cases, we only considered associations stemming from a minimum sample size of five genetic entities.
We ended up with 49 articles in our dataset, published from 1994 to 2015, and one unpublished dataset from a congress proceeding. When correlations were available in the same paper for more than one species, type of genetic material, experimental condition, trial site or treatment, we counted them as independent studies. If correlation involving ␦ 13 C was reported for two or more growth parameters (height, diameter or biomass) in the same paper, we also considered each correlation as an individual study in the dataset. Nevertheless, we discarded clearly redundant correlations (e.g. with the same growth trait over time, or for the same trial accounting for different genetic levels, e.g. populations and families). This resulted in a total of 176 studies of 34 species in 16 genera. In those cases reporting correlations between growth and carbon isotope discrimination ( 13 C), we simply changed the sign of the correlation coefficient, as 13 C values are almost mirror images of ␦ 13 C records (provided the air isotope composition is constant across observations). Individual correlation coefficient (r) and sample size (i.e. number of genetic entities, n) were then tabulated for the meta-analysis (Supplementary information, Table A1 ).
Data analyses
We conducted all the analyses using the metafor statistical package [29] in the R statistical environment (R 3.0.2, R Development Core Team, 2013). The meta-analytical model was fitted with the function rma.uni, and is a special case of the general linear (mixedeffects) model. The inputs for the model are assumed to be unbiased and normally distributed [29] . Therefore, we applied the 'Fisher' Ztransformation to calculate an effect size for each individual study according to a normal distribution: Z = 0.5 log [(1 + r)/(1 − r)], with the corresponding asymptotic variance as a function of sample size: vi = 1/(n-3) [29, 30] . To choose between fixed-or random-effects models, we considered the significance of the statistic Q (a Q test, see Ref. [31] ). The Q test determines the presence of heterogeneity, but it does not give a quantitative measure of the extent of such heterogeneity. Therefore, we also considered the I 2 statistic, as a quantitative measure of true heterogeneity to the total variance, that is, the proportion of the between-studies variability with respect to the total variability [32] . The meta-analysis provides an inference of the average true effect in the population of studies, in our case an estimated global correlation coefficient effect size (Gr), which has a normal distribution, equivalent to that of the individual Z-transformed effect sizes. Therefore, unlike correlation coefficients, Gr ranges between −∞ and +∞. Z values can be easily reverted to a correlation coeffient (range: −1 to +1) using the inverted Fisher transformation. However, since the value of Z and r do not differ substantially with r < 0.50, and this was generally the case, for simplicity only the Gr coefficients were displayed throughout the manuscript.
Firstly, a general meta-analysis was calculated for the whole dataset (N = 176) of normalized (Z-transformed) effect sizes. Subsequently, a number of moderators (i.e. variables potentially explaining the hetereogeneity in the dataset) were tested using mixed-effects models [29] . These models provide an omnibus (Wald-type) test of the significance of model coefficients (QM statistic), informing on the amount of heterogeneity accounted for by the moderators included in the model (R 2 ), as well as a test for the significance of differences among the different levels of the moderator. For those moderators showing a significant effect in the omnibus test, we then performed separate meta-analyses for each level of the variable. The moderators tested included both methodological and biological factors (see Table 1 for a list of moderators and their levels). As a general rule, we defined moderator levels according to the principle of parsimony, attempting to include the most relevant sources of variability, while ensuring a meaningful sample size within each level. For example, growth traits are determined and reported in miscellaneous forms in the literature (Table 1) , but total height, diameter and stem biomass are the most frequent. Hence, growth traits were finally combined into three main groups: 'height', 'diameter' and 'biomass'. Similarly, 'leaves' and 'branchlets', among plant parts, and 'greenhouse' and 'nursery', were grouped together as 'green parts' and 'controlled environments', respectively. About one fourth of the studies investigated the effect of ␦ 13 C on tree growth in two water treatments, irrigated and drought, and for these cases we tested water treatment as a potential moderator. The rest of studies were classified into two subsets, 'optimal' and 'suboptimal' testing conditions, according to the description given by the authors. We also tested a combination of these two factors, considering drought and irrigated treatments as suboptimal and optimal environments, respectively. A comprehensive list of studies, including the raw correlation values, and the assigned values for each moderator, is given in Supplementary information (Tables A1 and A2) .
Finally, a potential publication bias (i.e. the tendency for nonsignificant results to remain unpublished) was tested with a regression test for funnel plot asymmetry [33] and the robustness of the overall effect tested with the fail-safe number [34] . The regression test assumes that if studies with small correlation coefficients remain unpublished this would result in an asymmetric (Table A1). funnel plot, and tests this by examining the relationship between observed values and the corresponding sampling variances, sample sizes or standard errors. The fail-safe number estimates the number of non-significant studies needed to make the current Gr non significant, and is usually compared against a reference value of 5n + 10 [34] .
Results
General trends in the relationship between ı 13 C and plant growth traits
We observed a general positive correlation between ␦ 13 C and growth, combining the data from all species and growth traits (Gr = 0.28, P < 0.0001; 95% Confidence Interval: 0.18-0.38). 126 out of the 176 studies showed a positive trend, and about one third of the total (49) had significant positive correlations (p < 0.05). On the contrary, only 7 studies showed a negative and significant correlation between ␦ 13 C and growth.
Despite the significant general trend, we observed a high level of variability between studies (Fig. 1) . The Q statistic for heterogeneity was significant (P < 0.0001) for the whole dataset and also for most of the subsets tested, and the I 2 statistic showed in most cases medium to high values (Supplementary information, Table  A5 ). The only exceptions were the subsets 'Total dry mass', 'Volume' and 'basal area index', among growth traits, and the experimental set-up 'nursery', which did not show significant heterogeneity, and showed low I 2 values (Table A5 ). Based on the heterogeneity test, we used fixed-effects model to calculate the Gr for these subsets, and random-effects model for the rest of subsets.
We did not find evidence for publication bias in our dataset. The regression test for funnel plot assymetry did not show any significant correlations with the predictors tested (sample size, sampling variance and standard error), and the fail-to-safe number for the whole dataset was very large (9007 studies), i.e. over ten-fold larger than the reference value (5 × 176 + 10 = 890).
Main factors affecting the relationship between ı 13 C and growth
As shown in Table 1 , the test for moderators revealed strong differences among growth traits, explaining up to 25.8% of the total variability, considering the seven original levels, and 18.5% after combining the different variables into three large groups (height, diameter and biomass). Nevertheless, taxonomic and ecological differences explained most of the between-studies variability, with species, genus and biome explaining 85.0%, 73.7% and 19.5% of the heterogeneity, respectively ( Table 1 ). The test for moderators also revealed strongly significant effects (P < 0.001) of ontogenic stage (17.4% of the heterogeneity). Other moderators showed weaker but significant effects, such as experimental set-up, life-form, environment or plant part (Table 1) . On the contrary, type of genetic material, type of correlation and leaf habit did not accounted for a significant amount of heterogeneity. The combination of the most significant experimental-related moderators (ontogenic stage, plant part, experimental set-up and environmental conditions) explained 21.7% of the total heterogeneity (QM = 28, d.f.=8, p = 0.0005).
Growth traits, ontogenic stage and plant parts
Among the different growth traits, total height, total stem biomass and total volume showed strongly significant (p < 0.001) positive associations with ␦ 13 C, whereas total diameter and dry mass showed a weak, but still significant positive association (Table 2) . Conversely, basal area increment showed a significant negative correlation (p = 0.033), although based on only four studies. Neither height increment nor diameter increment was significantly associated with ␦ 13 C. After combining the different growth traits into the three main groups (height, diameter and biomass), the same overall trends were observed. Whereas heightand biomass-related traits maintained a strong positive association with ␦ 13 C (Gr = 0.28 and 0.68 respectively), diameter-related variables did not show a common significant response (Table 2) . Among the 112 studies reporting correlations between ␦ 13 C and height or biomass, about one third showed a significant positive association (19 for biomass and 20 for height). On the contrary, we did not find significant negative correlations with biomass, with only three cases for height (involving annual height growth in Juglans regia [23] and total height in Pinus halepensis [14] ).
Individual correlations between diameter and ␦ 13 C showed positive trends in 38 out of 64 studies, but only 10 showed a significant positive association, against 4 cases with negative significant correlations. We observed a high positive Z-transformed effect size on the correlation between diameter and ␦ 13 C for Salix clones [27] , and for families of two boreal conifers, Picea mariana [24] and Larix occidentalis [28] . On the contrary, strong negative effects were observed for diameter increment in the Mediterranean J. regia [23] , and total diameter in temperate Eucalyptus globulus [35] and the subtropical shrub Acacia senegal [13] .
We also observed significant ontogenetic effects, such that Gr was weaker in adult trees (0.26) than in seedlings (0.44), and nonsignificant in saplings (p = 0.51; Table 2 ). The lack of a significant global correlation in saplings was driven by a comparable proportion of negative and positive effects (18 and 22, respectively) , and a similar amount of significant correlations in both directions (6 negative, 5 positive). Regarding the material used for the determination of ␦ 13 C, studies performed on green tissues (leaves and branchlets) showed a strongly significant positive correlation (Gr = 0.36), whereas global effects on wood were weak and only marginally significant (Table 2 ). 43 out of the 137 studies using green tissues ␦ 13 C showed a positive significant association with growth traits, against only 5 cases showing significant negative effects. Conversely, among the 39 studies using wood ␦ 13 C, we found significant positive and negative effects in 6 and 2 studies, respectively.
Considering the differential response of each growth trait, studies on saplings showed a negative (though non-significant) response to ␦ 13 C in height and diameter, contrasting to the strongly significant positive association between ␦ 13 C and biomass (p < 0.001, Fig. 2a ). On the contrary, studies with seedlings and adult trees showed significant positive associations with all traits (Fig. 2a) . Growth traits also differed in their response to ␦ 13 C measured in green tissues or wood (Fig. 2b) . Whereas the association between ␦ 13 C and biomass was positive and significant regardless of the plant part used, height only showed a significant association with ␦ 13 C when measured in green tissues. Diameter was not significantly correlated with either green tissue or wood ␦ 13 C.
Life form and biomes
Plant growth was positively associated with ␦ 13 C in shrubs (Gr = 0.57) and conifers (Gr = 0.34; Table 2 ), but not in broadleaves (p = 0.25). For shrubs, the strongest positive associations were found in the subtropical Prosopis glandulosa [36] and among temperate Salix clones [27] , and only one significant negative association was found in A. senegal [13] . Similarly, for conifers we only found one significant negative association in P. halepensis [14] against 28 out of 102 cases showing significant positive correlations. In general, boreal conifers showed the highest correlations, particularly strong for Picea glauca, P. mariana and L. occidentalis under field conditions [24, 28, 37, 38 ], but we also found strong positive associations in other biomes, e.g. for the temperate Pinus contorta [39] , in a set of tropical pine clones [40] or in the Mediterranean Pinus pinaster [41] . Despite the lack of an overall trend 3 . Global estimated correlation coefficient (Gr ± standard error) for the relationship between carbon isotope composition (␦ 13 C) and growth in different biomes, in relation to (a) the growth trait considered and (b) environmental testing conditions (optimal + irrigated/suboptimal + drought). Letters denote significant differences (P < 0.05) among levels of the moderator factor (biome) for each growth trait (a) and environmental conditions (b).
among broadleaves, we still found a larger amount of positive significant associations (13 out of 57) than negative ones (5). The strongest positive effect was found for Castanea sativa [25] and the subtropical tree Faidherbia albida [42] , contrasting with the aforementioned negative effects in J. regia and E. globulus [23, 35] .
Among the different biomes, the Gr between ␦ 13 C and growth was positive and strongly significant for subtropical, temperate and boreal species (0.20, 0.33 and 0.74 respectively), whereas we did not find a significant global trend within the Mediterranean biome (Table 3) . For Mediterranean species, 26 out of 37 cases showed non-significant effects. Significant positive effects were found in 7 studies, six of them conducted in P. pinaster (e.g. [10, 41, 43] ), and one for Quercus suber [44] , and only 4 cases showed significant negative effects, in J. regia and P. halepensis [14, 23] .
Looking at the response of the different growth traits across biomes, height followed the same global pattern, showing a significant positive association in all biomes, except the Mediterranean (Fig. 3a) . On the other hand, whereas diameter was only signifi- cantly associated with ␦ 13 C in the subtropical and boreal biomes, biomass was positively associated with ␦ 13 C in all biomes (Fig. 3a) . The distinction among biomes was also affected by the testing environmental conditions, showing larger differences under suboptimal than under optimal conditions (Fig. 3b) . All combinations of biome and environmental conditions showed positive and significant associations between ␦ 13 C and growth, except for the Mediterranean biome, which showed an opposite sign in optimal and suboptimal conditions, although not significant (Fig. 3b) .
Experimental set-up and environmental conditions
Plant growth was positively associated with ␦ 13 C regardless of the experimental set-up, but the association was weaker in the field (Gr = 0.17) than under controlled conditions (greenhouse and nursery; Gr = 0.56, Table 4 ). Regarding environmental conditions, both irrigated and drought treatments showed a significant positive correlation between ␦ 13 C and growth (Gr = 0.63 and 0.61, respectively, Table 4 ). We found significant positive effects in 8 cases for droughted and 7 cases for irrigated. For the rest of studies, where a drought treatment was not applied, only those considered to be performed under near-optimal conditions resulted in a significant positive global effect (Gr = 0.28). Within the optimal subset, significant positive correlations were clearly dominant (23 out of 88 cases), against only three cases showing significant negative correlations (in P. halepensis [14] and families of hybrid Populus [45] ). Conversely, among the 49 studies performed under suboptimal conditions, we found a lower unbalance between positive and negative significant correlations (11 and 4, respectively) . The positive and significant trend found in optimal conditions was maintained after combining optimal and irrigated subsets (Gr = 0.34), whereas the combination of suboptimal and drought subsets still showed non-significant global effects (Table 4) . Comparing different experimental set-ups, we found that the effect of environmental conditions was maximized in field trials, as compared to more controlled conditions, such as greenhouse or nursery (Fig. 4) . Whereas under controlled conditions we did not find differences between irrigated, drought and optimal environments (none of the controlled studies were classified as suboptimal), field studies only showed a positive significant trend under irrigated and optimal environments (Fig. 4). 
Discussion
Positive intra-specific association between WUE i and growth in woody plants
Globally, ␦ 13 C and growth showed an intra-specific positive correlation in woody plants. Among growth traits, biomass exhibited Fig. 4 . Global estimated correlation coefficient (Gr ± standard error) for the relationship between carbon isotope composition (␦ 13 C) and growth under different environmental conditions, in relation to the experimental set-up (under controlled conditions-greenhouse and nursery-or in the field). Letters denote significant differences (P < 0.05) among levels of the moderator factor (environment) for each experimental set-up.
the strongest relationship with ␦ 13 C, and also the most consistent one, with fairly homogeneous results across studies (I 2 = 26.3). Indeed, none of the studies included in this meta-analysis showed a significant negative correlation between biomass and ␦ 13 C. The correlation between ␦ 13 C and height was also strongly significant, but weaker and with higher inter-studies variability. On the contrary, diameter did not show a significant general association with ␦ 13 C. These results suggest that biomass, as the most integrative measure of plant growth, may also be the most directly linked to physiological processses determining WUE i . Several studies have pointed out that height is particularly sensitive to site-specific growing constraints, which could hinder the detection of intra-specific associations between this trait and ␦ 13 C. For example, a strong effect of nutrient and water availability on height has been reported in a wide range of growing conditions, from seedlings under controlled conditions [46] to adult trees in the field [47, 48] . On the other hand, diameter is usually considered as the growth trait most sensitive to environmental and stand conditions [49] , and this might be partly responsible for the contrasting relationships with ␦ 13 C observed in this study.
Seedlings showed the strongest correlation between growth traits and ␦ 13 C, and this could be explained by the closer link between leaf-level processes such as WUE i and whole-tree physiology in young individuals, as compared to older trees [2, 22] . The ontogenic stage effect on ␦ 13 C has been observed in several studies. For instance, Marshall and Monserud [50] found that inter-tree variability in ␦ 13 C for ponderosa pine, western white pine and Douglas-fir decreased from seedling to sapling and adult stages. Duquesnay et al. [51] also showed greater differences in ␦ 13 C among young individuals of Fagus sylvatica than in mature stands. Considering the strong effect of ontogenic stage on the association between ␦ 13 C and growth, it might be argued that the observed differences among growth traits may be partly due to an unbalanced distribution of studies. Most studies on biomass were perfomed at the seedling stage (85%), and none in adult trees, whereas for height we found 54% in seedlings and 26% in adult trees, and a similar number of studies reported correlations with diameter for seedlings, saplings and adult individuals (see Supplementary information, Table A3 ). Nevertheless, the larger magnitude of the correlations for biomass in both seedlings and saplings (see Fig. 2 ) points towards actual differences among traits, rather than to a statistical artifact.
Similarly, experimental conditions (e.g. greenhouse or field trials) also had a strong influence on the magnitude of correlations (see below), but this could not explain the diferences observed among growth traits. Although there were more studies on diameter in the field than in greenhouse, in both cases biomass was the growth trait with the greatest proportion of significant positive correlations (59% in the field, 39% under controlled conditions), whereas diameter showed the less consistent response (19% of cases with significant positive associations in the field, and none under controlled conditions).
Apparent lack of trade-offs between growth and WUE i
Contrary to our hypothesis, we did not find any general negative association between ␦ 13 C and growth. In fact, Gr was either positive or non-significant for all subsets tested. This suggests that the genetic association between growth and WUE i in trees is mainly driven by changes in photosynthetic capacity, particularly among conifers, the most represented and homogeneous group in our study. When water becomes less limiting than other environmental factors, such as radiation or temperature, and assuming that growth is at least partly carbon limited, an increase in photosynthetic capacity would confer an ecological advantage by increasing growth rates, which would in turn translate into higher WUE i due to a maximization of the carboxylation processes per unit of water loss [11, 12] . On the contrary, water-saving strategies in drought-adapted species would increase WUE i by means of a decrease in stomatal conductance, hence limiting photosynthesis and, subsequently, plant growth [10, 52, 53] . However, we only found significant negative correlations for three broadleaf species (J. regia, E. globulus, and hybrid Populus [23, 35, 45] ), and one conifer (P. halepensis [14] ) Among those, only P. halepensis is a species particularly adapted to water-limited environments, and reportedly shows the aforementioned drought-avoiding strategy [52] . Despite the lack of statistical evidence for publication bias, a close look at the dataset suggests certain overrepresentation of highly productive species. For example, in the Mediterranean region, about 70% of the studies focused on P. pinaster, whereas the genus Quercus was represented in the whole dataset only by the evergreen Q. suber. Similarly, the genus Larix is only represented by L. occidentalis, the largest and most productive species in the genus [54] . Unexpectedly, among the studies testing for the effect of water availability we did not find significant differences between irrigated and drought conditions, suggesting that drought treatments were either too mild or too brief as to result in a divergent response in plant ␦ 13 C. On the other hand, it should be noted that the species tested in these experiments were also highly productive (P. pinaster, P. ponderosa, Eucalyptus spp., C. sativa, Pseudotsuga menziesii, L. occidentalis, Picea glauca).
Association between WUE i and productivity varies across biomes and functional types
The positive association between ␦ 13 C and growth increased from water-limited to energy-limited environments. Whereas in the Mediterranean biome the global correlation was not significant, subtropical and temperate species showed significant positive intra-specific associations, but still of lower magnitude than in boreal species. This partly supports our initial hypothesis, indicating that genetic differences in growth potential would become more positively associated with WUE i when moving from waterlimited to energy-limited conditions. In this regard, Tang et al. [55] found a consistent increase in WUE i rising from subtropics to mid-high latitudes (around [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] • N), which also points toward the existence of a gradient from water-driven to radiationdriven changes in WUE i . In line with the proposed water-radiation gradient, height was the growth trait showing the most consistent changes across biomes. This could be interpreted as a trade-off between the demand for light interception, and the increasing water and nutrient limitations with height [47, 48] . Noteworthy, the non-significant trend found in the Mediterranean biome was mainly attributed to the negative effect of studies performed under suboptimal conditions, hence the most susceptible to show this trade-off (Fig. 3b) . The varying intra-specific correlations between ␦ 13 C and growth in water-limited environments may be a consequence of the greater environmental pressure under such conditions. Under stress, growth responses become strongly constrained by environmental factors, hence limiting the expression of genetic variability [56] . Indeed, environmental correlations between ␦ 13 C and growth follow the opposite pattern along environmental gradients, showing higher correlations under water-limited conditions [57] .
Unexpectedly, our meta-analysis did not reveal any significant intra-specific association between WUE i and productivity in broadleaves, contrasting with the consistent positive correlations found in conifers and shrubs. Despite the aforementioned bias towards the most productive species, the consistent positive association between ␦ 13 C and growth in conifers might be related to ancestral physiological traits, in agreement with the slower evolution rates and less dynamic adaptive radiation of gymnosperms, as compared to angiosperms [4] . Conifers in particular have highly conserved anatomical traits, from subtropical to boreal biomes, and (both deciduous and evergreen) tend to show a limited reliance on pre-stored carbohydrates for secondary growth [58] . Altogether, this is likely to result in a tighter link between leaf-level processes and whole-tree growth [15, 52] . Conversely, broadleaves show large variations in terms of hydraulic conductivity and stomatal response, ranging from water-spending strategies in some ring-porous species to more isohydric responses in diffuse-porous [53] . In line with this, [55] reported contrasting environmental responses in (Mediterranean/subtropical) broadleaf evergreen and (temperate) broadleaf deciduous. Whereas broadleaf evergreens showed negative responses to radiation, and positive responses to water availability, the opposite was the case for deciduous forests. Noticeably, the only broadleaf evergreen in our study, the Mediterranean Q. suber, showed a positive association between ␦ 13 C and growth, contrasting with the strong negative associations found for the meso-Mediterranean J. regia [23] . Although not included in the analyses due to the small sample sice, other studies with deciduous oaks did not find clear associations between growth and ␦ 13 C [59, 60] . Overall, the complexity in the response of broadleaves cannot be definitively solved with the rather unbalanced information present in the literature, but a closer look into the underlying anatomical and/or phylogenetic traits might help to ellucidate these contrasting patterns.
Experimental conditions maximizing the relationship between WUE i and productivity
Ecological and/or functional inter-specific differences (e.g. across species, genera or biomes) appeared as the main drivers of between-studies heterogeneity. However, experimental conditions also exhibited a significant effect on the intra-specific association between ␦ 13 C and growth. The strength of the genetic link between growth and ␦ 13 C decreased with experimental upscaling, from greenhouse and growth-chamber experiments to nursery and field trials. These findings exemplify the constant dilemma for plant breeders: either maximizing genetic response under optimal, controlled conditions, or obtaining a more realistic, but noisier, evaluation in the field [5, 8] . Our meta-analysis also revealed that leaf ␦ 13 C (rather than wood ı 13 C) was more consistently associated with growth. Several studies have shown that the original isotopic signal imprinted in the leaves can be dampened, or even reversed, due to post-photosynthetic fractionation processses during the export and transport of assimilates from the leaves to the trunk [15] . Hence, although wood ␦ 13 C offers greater time-integration, the use of leaf ␦ 13 C provides a more direct insight into leaf-level processes. The interference caused by post-photosynthetic transport processes in large trees, together with the larger proportion of leaf biomass in young individuals (and overall higher wholeplant metabolic activity, see e.g in Ref. [22] ), could also explain the stronger correlations observed in seedlings, as compared to saplings and adult trees. Overall, our findings highlight that ␦ 13 C has a tighter correlation with growth in small-scale systems (e.g. juvenile vs. adult, greenhouse vs. field). However, the strong correlations found in greenhouse experiments and seedlings may not necessarily hold in the field for adult trees (see e.g. in Ref. [37] ), and in this regard further research on the upscaling from seedling experiments to field trials using adult trees is needed [5, 43, 50] .
Conclusions
Our meta-analysis indicated that intra-specific differences in biomass production, and to a lesser extent, height, are mainly associated to enhanced WUE i , whereas diameter showed no significant association with WUE i . Contrary to our hypothesis, we did not find a consistent negative growth response to increasing WUE i under suboptimal conditions. Nevertheless, the strength of the genetic association between growth and WUE i clearly increases from water-limited to energy-limited environments, e.g. from Mediterranean to subtropical, temperate and boreal biomes, or from suboptimal to optimal testing conditions. The bias in number of genetic studies towards the most productive species, particularly under Mediterranean conditions, may be partly responsible for the limited amount of significant negative associations reported in the literature, which contrasts with the trade-offs between growth and drought adaptations widely reported in ecological studies. Conifers show more consistent positive correlations between WUE i and growth than broadleaves, probably linked to more conserved anatomical and physiological traits. The correlation between growth and WUE i is maximized for seedlings evaluated under controlled and optimal conditions, and with leaves as sampling material, highlighting that the link between leaf-level physiology and growth decreases with the complexity of the system.
